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Whereas between mucoid, mucopurulent, and purulent macroscopic types a significant difference in total DNA and dry weight yield has been found, viscosity was not significantly correlated with purulence. Similarly, the concentration of either cells or fibres correlated significantly with total DNA but not with viscosity. The in vitro addition of DNA to sputum caused a significant increase in its viscosity, and reasons for the differences between the in vivo and in vitro effect are discussed. Certain constituents of purulent sputum tend to increase viscosity and others to reduce it, and the influence of these varies in the several diseases studied.
In the third century BC, Hippocrates used the heat or flotation test as well as colour, taste, and smell of sputum as diagnostic and prognostic criteria in the treatment of patients, and in modern times, good agreement has been found between macroscopic type and cell counts, providing a scientific basis for the earlier subjective assessment. Although macroscopic examination can give a rough idea of the amount of pus present in sputum, a more quantitative assessment of pus calls for more precise methods, such as estimation of total DNA or of lactate dehydrogenase (LDH) activity.
The importance of pus on the rheological properties of sputum has received much attention over the last 15 years, but there is still controversy as to whether purulent sputum is more viscous. In 1962 Bruce and Quinton, studyin3 patients with chronic bronchitis, reported that mucoid sputum was more viscid than purulent; but the sputum they studied was already degraded since they sheared it to consistency before measuring viscosity. Testing sputum soon after it was produced and at the low shear rates possible with the Weissenberg rheogoniometer, Sturgess et al. (1971) found no significant difference between viscosity of purulent sputum from patients with bronchiectasis and mucoid samples from patients with chronic bronchitis. Using the Ferranti-Shirley viscometer and comparing apparent viscosity at the higher shear rates of 1350 s-1, Charman and Reid (1972) studied mucoid, mucopurulent, and purulent samples from four diseases-chronic bronchitis, cystic fibrosis, bronchiectasis, and asthma, and again the differences were not significant.
By contrast, Feather and Russell (1970) and Palmer et al. (1970) , who also used the FerrantiShirley viscometer, reported from their studies on chronic bronchitis that purulent sputum was less viscid than either mucoid or mucopurulent. In the same study, Feather and Russell (1970) , studying samples of sputum of various macroscopic types from children with cystic fibrosis, found that purulent sputum was usually more viscid than mucoid or mucopurulent if obtained from the same patient. In a study of sputum from patients with chronic bronchitis, again grouping all sputum of a given macroscopic type, the same trend for the individual patient was reported by Adler et al. 235 (1972) -that the group of purulent sputa was not significantly more viscous.
Such differences in results may be explained partly by the rate of shear used for measurement, in the subjective assessment of macroscopic types, and in differences in the conditions of collection and storage of sputum. This last might alter viscosity if mucolysis had occurred before testing. It has been shown that it is mostly the presence of salivary enzymes (Leach, 1963) , as well as of endogenous bronchial proteases (Burgi, 1964; Lieberman et al., 1965 ) that contribute to the breakdown of bronchial secretions. It seems that if purulent sputum is tested soon after production it tends to be more viscid than is mucoid sputum.
Deoxyribonucleic acid may be present in sputum in solution, in cells, or as fibres. Presumably the fibres have formed from the DNA released by dissolution of polymorphonuclear leucocytes and bacteria as well as from cell debris of the respiratory epithelium. Burgi (1964) used a simple fluorescent method that made it possible, by light microscopy, to assess the number of fibres present. He was able to assess in a semiquantitative way the number of fibres present and to follow the effect of antibiotics. Puchelle et al. (1973) found no significant correlation in sputum samples from a single patient between apparent viscosity measured at 0 3 s-1 and total DNA content, although when mucoid and mucopurulent samples were compared the mucopurulent samples had shown a significantly higher concentration of DNA and also a higher viscosity. In a study on cystic fibrosis (Rosenbluth and Chernick, 1974) , there was likewise no relation between viscosity and DNA content.
Since a solution of DNA is viscous and has been shown to form a gel when a concentration of 01% is reached (Conway and Butler, 1954) , it is perhaps surprising that no clearer correlation has emerged between the levels of viscosity and the content of DNA. In the present study, the total R. Picot The sputum specimen left after testing was stored at -200C for later chemical estimation. When required, the sample was thawed, boiled for 10 minutes, and dialysed against distilled water for 72 hours at 40C. The sample was then freezedried, reconstituted in distilled water, treated by ultrasound, pronase-treated, and diluted to the desired concentration for biochemical estimation. Final adjustment gave a concentration of 0-2 to 0 4 mg/ml. A 1-ml aliquot was used for DNA estimation according to the method of Burton (1956) , modified by Croft and Lubran (1965) for sialic acid interference. The colorimetric reaction was developed at 300C for 20 hours and the colorimetric absorption was read at 600 nm and then at 550 nm to eliminate sialic acid interference. The diphenylamine reagent was prepared by dissolving 2 g of diphenylamine in 10 ml of glacial acetic acid, adding 15 ml of concentrated H2SO4. Standards were prepared from a stock solution of calf thymus DNA at 1-4 mg/ml in 0'005 M NaOH.
Thirty-five specimens were selected for quantitation of DNA fibres. The histological identification of DNA was based on the Feulgen reaction for DNA (Feulgen and Rossenbeck, 1967 Table 2 shows for each macroscopic type the levels of apparent viscosity, macromolecular dry weight yield of the sputum, and the levels of DNA.
The levels of significance for the differences between each macroscopic type are given in The correlation coefficients between dry weight, DNA, and viscosity are given in Table 4 . In purulent sputum, DNA and dry weight and dry weight and viscosity both showed a significant correlation. In the M and MP types, only dry weight and viscosity showed a positive correlation.
DIFFERENCES BETWEEN DISEASES
Absolute levels of DNA, dry weight, and viscosity for each disease and for each macroscopic type are given in Table 5 . Comparison between diseases for In chronic bronchitis, dry weight tended to be higher than in cystic fibrosis and bronchiectasis sputum, and the differences reached significant levels for mucoid sputum.
For each macroscopic type, the apparent viscosity of CB sputum was significantly higher than Table 8 . A significant correlation is seen between dry weight and viscosity for all three macroscopic types of CB sputum, for mucopurulent bronchiectasis sputum, and for purulent CF sputum. There is no significant correlation between DNA and viscosity for any group. In the first experiment, when the DNA was added in its freeze-dried form, the percentage increase in viscosity in three specimens studied ranged from 40 to 130% for the 4 mg/ml concentration but was insignificant and below 26% for the 1 mg/ ml ( in four out of five specimens studied, there being no change in the fifth specimen (Table 9) . Although the results show a wide scatter, it seems that the percentage increase in viscosity is inversely proportional to the original level of apparent viscosity.
Discussion
Sputum exhibits the rheological properties of a viscoelastic semisolid material (Davis and Dippy, 1969; Davis, 1973; Litt, et al., 1974; Litt et al., 1976) ; in the present study we have dealt only with its viscosity. The Ferranti-Shirley viscometer has been used by several authors to measure the apparent viscosity of sputum (Feather and Russell, 1970; Palmer et al., 1970; Davis, 1973) . Although in the act of shearing there is disruption of the material the measurement at a given shear rate is made before this occurs; and it has been shown that a given shear rate does not produce the disruption achieved by a higher one. Absolute levels of viscosity are lower at high than low shear rates and less discriminate, but there is a correlationthat is, the more viscous secretion at low shear rates is still more viscous at higher shear rates (Charman and Reid, 1972 Even in total purulent sputum DNA does not contribute more than 5% to the total dry weight of the macromolecular solids, and this could explain the small increase in viscosity.
Purulence also induces an increase in other biochemical constituents than DNA. In a group of chronic bronchitics, Puchelle et al. (1973) reported an increase in secretory IgA and sialomucins (expressed as mg/ml) in purulent as compared to mucoid sputum. In the same disease, LopezVidriero et al. (1973) found a marked increase in fucose and N-acetyl neuraminic acid (NANA). Fucose has already been described as a 'marker' substance for the bronchial glycoproteins (Keal, 1971) . The ratio NANA/fucose was higher in purulent sputum showing a relatively greater contribution from the serum glycoprotein component to the final composition of sputum. In the light of those results, it can be suggested that although the total dry weight of the bronchial fluid becomes higher due both to the increased concentration of gland secretion and serum exudate, the dilution effect brought about by the serum when the sputum becomes purulent could explain why the viscosity does not show a greater change. Further support for this suggestion can be found in the work of Burgi et al. (1965) and Molina et al. (1969) , who showed that in both asthma and chronic bronchitis sputum viscosity did not decrease when infection was controlled by antibiotics and sputum became mucoid. In some cases viscosity was found to be even higher. In the absence of infection, degradation of the mucopolysaccharides (MPS) is less since the main sources of proteolytic enzymes, bacteria, and polymorphonuclear leucocytes disappear. At this clinical stage the viscosity seems to depend on the presence of more intact MPS even if the DNA levels fall drastically after the antibiotic treatment. Lieberman and Kurnick (1963) , working with sputum homogenates, stressed the fact that the more purulent the sputum the higher the enzymic activity because of the polymorphonuclears present. This activity was very high in cystic fibrosis, slightly lower in bronchiectasis, and much lower in the other pulmonary diseases studied. In a further study, Lieberman (1967) proved that separation of the enzyme proteins from the DNA was necessary for the proteases to exert their activity, showing DNA to behave as an inhibitor at around pH 6. Those findings were related to the discovery that protease activity could be enhanced after DNase treatment and was higher at pH 7*5 than at a lower pH (Lieberman, 1967) . Guerrin et al. (1969) found that in normal subjects the pH measured in situ at different levels of the bronchial tree ranged between 7 and 7 5; inducing hypoxia associated with hypercapnia (rebreathing) in rabbits, a slight acidosis and a raised Pco2 occurred followed by a slight fall in bronchial pH from 6 51 to 6 17.
In our studies sputum pH has always been above 7 in bronchial diseases and also in sputum produced after inhalation of prostagandin F2 alpha in normal subjects (Lopez-Vidriero et al., 1977) . Those results are well in agreement with those of Adler et al. (1972) , who found that sputum pH in the purulent type (7 83) was slightly higher than in the mucoid type (7 59).
It seems therefore that the conditions described by Lieberman (1967) in vitro do not recreate exactly the in vivo conditions where pH seems to be mostly alkaline and protease activity is encouraged. Thus, in our study, although purulent sputa from cystic fibrosis and bronchiectasis have a high dry weight and total DNA content, they have nevertheless the lowest viscosity level; the histological preparations show that smears of cystic fibrosis and bronchiectasis sputum have the highest density of bundles of fibres but, since the highest levels of protease activity are found in those diseases (Lieberman, 1967) , it could well be that the breakdown of MPS is more important than the formation of DNA fibres and hence the viscosity would tend to be lower. In mucoid sputum, levels of viscosity are significantly lower in cystic fibrosis than in chronic bronchitis. In cystic fibrosis, levels of mannose (marker sugar for the 241 serum transudate) and NANA/fucose in sputum have been shown to be high (Lopez-Vidriero, 1976 ). It may be that an increase in exudate component from the inflammatory reaction is diluting the glycoprotein and DNA content. In chronic bronchitis, although the average dry weight increase from the MP to P type is more than 10 mg/ml, viscosity levels are similar in the two types. Here again, a higher degree of purulence could be responsible for a rapid and important mucolysis and so lower the sputum viscosity.
The results of microscopic examination of the sputum smears related to those for viscosity support these findings. Even when DNA is present in its fibre form, poor correlation emerged between DNA and viscosity, stressing the important effect of mucolysis and dilution of purulent sputum by serum. From a previous report (Charman and Reid, 1972) it seems that purulent specimens show a wider variance in viscosity than the mucoid type. This can be explained by the different degree of MPS breakdown in different specimens even if the experimental conditions are strictly controlled. Variations of this type could occur even from differences in the habit of expectoration; retention of secretion within the bronchus might lead to significant mucolysis even before expectoration. It seems that the presence of DNA in sputum contributes little to its viscosity even though the in vitro effect of DNA suggests the reverse. 
